Background: The technology in the production of sexual coral propagules for coral reef restoration is being actively developed recently to address concerns on the low genetic diversity in coral populations restored through transplantation of coral materials derived from fragmentation. Results: In this study, we produced coral spat attached to rubble and determined the effect of the addition of hatchery-reared trochus, a herbivorous gastropod, at two densities (one and two trochus per cage, equivalent to four and eight trochus per square meter, respectively) on the survivorship of the spat cultured in cages at the hatchery and in situ nursery. After 5 weeks of culture in the hatchery, spat survivorship was significantly higher in the two per cage trochus treatment (18.3% ± 6.7%, mean ± sd) than in the control (5.5% ± 1.7%), with the one per cage trochus treatment having intermediate spat survival (12.6% ± 7.9%). The enhanced spat survivorship, though not apparent in the in situ nursery culture, is attributed to the grazing effect of trochus as significantly lower turf algal cover was observed in rubble placed in two per cage trochus treatment (44.8% ± 3.2%) than in the one per cage trochus treatment and control (80.2% ± 6.5% and 76.3% ± 5.0%, respectively). Conclusions: This study demonstrates that trochus can be used to control algal cover and enhance survivorship of coral spat in caged culture, at least in the hatchery, for the production of sexually derived transplant materials for coral reef restoration.
Background
Coral reefs worldwide are experiencing unprecedented decline from anthropogenic and natural stressors (Wilkinson 2004; Burke et al. 2011) . Aside from protecting the remaining coral reefs, degraded ones should be actively restored and properly managed. Several coral reef restoration tools were put forward during the past three decades, with coral transplantation on the forefront (Rinkevich 2005) . Recent advances on coral transplantation involved the use of nursery-reared corals, i.e., based on the 'coral gardening' concept (sensu Rinkevich 1995 Rinkevich , 2000 Rinkevich , 2006 Epstein et al. 2001 Epstein et al. , 2003 . Coral gardening would enable the production of large quantities of transplant materials, thereby minimizing collateral damage to source reefs (Edwards and Gomez 2007) .
In the production of sexually derived transplant materials for reef restoration, herbivorous topshell, Trochus niloticus, was co-cultured with coral juveniles in cages deployed in situ (Omori 2005) . Although success of the mass culture of sexually derived transplant materials was attributed to algal control by trochus (Omori 2005) , the effects of trochus on algal growth and juvenile coral survivorship were not systematically demonstrated.
The early after-settlement or early juvenile stage is when the highest mortality rates are experienced by corals (Babcock 1985) , as by other benthic marine invertebrates (Gosselin and Qian 1997) . Therefore, improvement in culture conditions during this life stage can potentially result to a remarkable increase in the production of coral transplant materials for reef restoration.
The present study aims to determine the effects of trochus on the survivorship and growth of coral spat (early juvenile stage) cultured in the hatchery and in situ nursery.
Methods

Collection and transportation of coral
Twenty mature colonies of Acropora valida were collected from the reef beside Cory sandbar at the BolinaoAnda Reef Complex (BARC), Pangasinan, northwestern Philippines (16°19′36′′ N, 120°02′01′′ E) in June 2010 at around full moon. Collected mature colonies were transported to the hatchery facility of the Bolinao Marine Laboratory of The Marine Science Institute (University of the Philippines) for ex situ observation of spawning and gamete collection.
Spawning and fertilization
Colonies were held in flow-through cement tanks (0.7-m water depth, 3.5-m 3 volume) with aeration. During the succeeding nights, spawning was checked by periodic monitoring of colonies from 1800 to 2200 hours. Seawater flow and aeration were cut off during each monitoring period and turned back on thereafter. All colonies were held in the same tank for spawning. Spawning occurred 5 to 7 days after the full moon (June 30 to July 2, 2010) between 1930 and 2030 hours, with at least seven colonies spawning each night. Gamete fertilization, larval culture, and settlement competency methods followed Heyward and Negri (1999) and Baria et al. (2010) with minor modifications -including the use of untreated seawater (no employment of UV sterilization and micron-size filtration), shortened fertilization time (30 min), and employment of the second sperm wash.
Developing embryos and larval settlement
Developing embryos were then transferred to cylindrical tanks (water surface area 1.1 m 2 ) with approximately 1,500 l of seawater at densities between 250 and 300 l −1 and allowed to stand for 12 h without aeration. After which, half of the culture seawater was changed, and subsequent changes were performed on a daily basis. Aeration was supplied only after 24 h from fertilization, as developing larvae at earlier stages (several hours postfertilization) are delicate and can be broken by aerationgenerated turbulence.
Larval settlement competency was determined daily from 2 days post-fertilization. To induce settlement, a coral rubble chip (approximately 0.5 cm 2 ) with crustose coralline algae (CCA) was added to ten larvae in 15 ml of seawater contained in polystyrene culture wells (n = 6). Competency was examined after 24 h with the aid of a stereomicroscope, as indicated by the transformation of a larva to a flattened, disc-shaped mass which is attached to the rubble or wall of the culture well. Settlement peaked 8 days post-fertilization (settlement 73% ± 33%, mean ± sd).
Coral rubble with patches of CCA was used as settlement substrate for the A. valida larvae. Rubble pieces (10-to 16-cm length and 1-to 1.5-cm diameter) were dead fragments of staghorn Acropora spp. and were collected in the rubble deposition zone at the back reef near Silaqui Island at BARC (16°26′32′′ N, 119°54′36′′ E). Any macroinvertebrate and turf or fleshy macroalga attached to the rubble pieces were removed by hand or with the use of soft-bristled brush prior to use. Rubble pieces were offered to coral larvae 7 days post-fertilization, i.e., when settlement competency is about to peak. Rubble pieces were submerged to larval suspension (150 to 200 larva l −1 ) in a settlement bin (50 × 40 × 30 cm, l × w × h, filled up to 50 l), supplied with mild aeration. Larvae were allowed to settle and metamorphose within 4 days, after which flow-through seawater was supplied. Newly settled coral spat were reared in this system in the hatchery for approximately 2 weeks in order for ample calcification to occur (full development of primary polyp corallum which is approximately 7 days after settlement in Acropora millepora, Babcock et al. 2003) . Rubble with coral spat was carefully cleaned with soft-bristled brush to remove microalgal mat and non-coralline macroalgae prior to use in the caging experiments. Coral spat density in rubble and spat diameter were determined under a stereomicroscope to be 0.5 ± 0.2 cm −2 (n = 18) and 0.96 ± 0.53 mm (n = 547), respectively.
Effects of trochus addition on spat survivorship in the hatchery
The grazing gastropod T. niloticus was reared in the hatchery as described in Villanueva et al. (2010) . Individuals used in the following experiments were sub-adults with greatest basal diameter of 26 ± 2 mm (n = 12).
To determine the effects of trochus addition on spat survivorship, caging experiments were conducted. Cages used were made up of plastic trays (33 × 22 × 10 cm, l × w × h; with 0.3 × 0.3 cm openings on the sides and 0.3 × 0.1 cm openings on the bottom) covered with polyethylene screen (Amazon™ net, Valenzuela City, Philippines; 1 × 1 cm openings, top portion of the cages). Three randomly selected rubble pieces, with 11 ± 4 spat per rubble piece, were placed inside each of 18 cages. Each rubble was secured inside the cage (lower portion) using a cable tie. The exact number of spat in each cage (experimental unit) was counted, with each receiving 32 ± 12 spat. There were three trochus treatments (viz. control, one per cage, and two per cage) deployed in each of two culture treatments (hatchery and in situ nursery), with three replicate cages per treatment combination. One trochus per cage corresponds to four trochus per square meter, while two trochus per cage corresponds to eight trochus per square meter. These density levels were considerably higher than the averaged densities of trochus in the wild (approximately one individual m −2 (Secretariat of the Pacific Community 2008)) in order to test if enhanced grazing has an effect on cultured spat survivorship and growth. There were no significant differences in the shell diameter of trochus allocated among the treatments (two-way analysis of variance (ANOVA); culture: F = 4.84, p = 0.06; trochus density: F = 0.21, p = 0.66). Though the difference in the diameter of trochus used between the two culture treatments is just a little above the arbitrary statistical threshold (which is still acceptable to be obtained from a homogeneous population), all the trochus used were at the sub-adult stage and are of the same cohort (same age), as well as cultured together at the hatchery.
The hatchery (ex situ) culture system was a concrete tank (0.7-m water depth, 3.5-m 3 volume) with flowthrough seawater (approximately 20 l min −1 ) and aeration. Experimental cages were placed on the bottom of three tanks, with each tank receiving a replicate cage of each trochus treatment level. The three tanks were approximately 1 m apart. The cages in a tank were randomly interspersed, with approximately 30-cm distance between cages.
Effects of trochus addition on spat survivorship in the in situ nursery
The in situ nursery was elevated from the substrate by 1 m using angle bars driven to the substrate serving as stands. Another set of experimental cages (similar to those in the hatchery) attached using cable ties to parallel angle bars (6 m long, 30 cm apart) were assembled and secured on top of the angle bar stands. The cages were clustered into three, with each cluster composed of a replicate of each trochus treatment level. Cages in each cluster were approximately 30 cm apart, and there is a distance of approximately 1 m per cluster. The treatment levels in each cluster were randomly interspersed. The nursery was located on the lagoon near Binabalian Labas at BARC (16°25′37′′ N, 119°54′52′′ E).
Environmental monitoring, maintenance of cage, and microscopic examination Environmental parameters (salinity, water motion, light attenuation, and sedimentation rate) in both culture setups were monitored once, at the start of the caging experiment, following the techniques described in Villanueva et al. (2005) .
The caging experiment ran for 36 days in August to September 2010, without any maintenance procedure. This study period (initially thought to be 1 month but extended for several days due to diving constraints to retrieve the cages in the in situ nursery) was selected to study the effects of macroalgae and trochus on the early post-settlement stage of coral juveniles. During retrieval, pieces of rubble from each cage were thoroughly searched for live Acropora spat under a stereoscope. Throughout the course of the caging experiment, no acroporid coral is predicted to spawn in the area (peak of spawning at the study site occurs during March to May (Vicentuan et al. 2008) ); hence, no Acropora larvae from the wild were expected to have settled into the experimental rubble. A. valida is one of the last Acropora species to spawn during the reproductive period in BARC. Our observation at the hatchery indicates that if the larvae were offered (at 7 to 8 days post-fertilization) with rubble laden with CCA or any substrate conditioned in seawater for several weeks, most of these (>80%) settle and metamorphose (see also Heyward and Negri 1999) . The observation of Graham et al. (2008) on high longevity, i.e., long planktonic (larval) duration, was for larvae that were maintained in 0.2-μm filtered (sterile) seawater and in clean culture vessels (with periodic transfer) at the laboratory. In the absence of settlement cues, the larvae in this condition are expected to remain in the water column for prolonged periods. At natural conditions (in the reef ), aside from the overwhelming presence of settlement cues, larvae can be easily depleted through predation or transport off-reef. Hence, overestimation of coral juveniles on the rubble at the in situ nursery is not likely.
After microscopic examination for live acroporid spat, a randomly selected portion (approximately 2 cm 2 ) in the rubble was digitally photographed under the stereoscope. Ten random points were generated in each of the rubble photograph using Coral Point Count with Excel extensions software (Kohler and Gill 2006) . The benthic composition under each point was classified either as bare, sponge, or one of the following algal functional groups: turf/filamentous, crustose coralline, corticated, and foliose. Different algal functional groups on coral substrates were differentiated since they exhibit variable effects to coral survival and growth (McCook et al. 2001) . Since crustose coralline algae in experimental rubble pieces were not removed prior to the experiment, this benthic category was not included in the data analysis.
The greatest diameters of coral spat were determined using an ocular micrometer under a stereoscope prior to the caging experiment. Diameters of all surviving spat after the experiment were also measured per treatment. As coral spat were not individually tagged and considerable mortality was incurred after the experiment, spat growth rates were not calculated. For the co-cultured trochus, on the other hand, no mortality was observed; hence, trochus growth rate based on initial and final greatest basal diameter (measured using a caliper) was determined.
Data analyses
One-way ANOVA was used to determine the effects of trochus (control, one per cage, and two per cage) on survivorship of coral spat cultured in the hatchery and in situ nursery. Furthermore, to determine the interactive effects of trochus and culture (hatchery and in situ nursery) treatments on spat survivorship, a two-way ANOVA was performed. Survivorship data met the parametric assumptions of normality (Ryan-Joiner test) and equal variances (Bartlett's and Levene's tests). These parametric procedures were performed with Minitab® statistical software. Two-way ANOVA was also performed to detect differences in the diameter of surviving spat among trochus and culture treatments.
Differences in cover of turf/filamentous algae (the major functional group of algae recorded in the rubble substrates, comprising 88% to 100% of benthic life cover excluding CCA) among treatments (trochus and culture) were determined by two-way ANOVA, with subsequent post hoc comparison with Tukey's test. Turf cover data were Johnson-transformed to meet the parametric assumptions. Differences in growth rates of trochus between the trochus density and culture treatments were also determined by two-way ANOVA. For minor components of the benthic life in the coral rubble (sponge, foliose algae, and corticated algae), differences in cover among trochus treatments in each culture setup were examined using the non-parametric Kruskal-Wallis test. Due to the presence of many zero values for these components, the dataset did not satisfy the parametric assumptions.
Results
The environmental parameters were significantly different between the two culture setups, with sedimentation rate, water motion, and light attenuation significantly higher in the in situ nursery than in the land-based hatchery (Table 1) . Salinity was similar in these two setups.
No trochus died in the cages within the 36-day experiment both in the hatchery and in situ nursery. Minimal growth was recorded for trochus in the cages maintained in the hatchery, while relatively higher growth rates were obtained for trochus in both trochus density treatments deployed in the in situ nursery (Figure 1 ). Trochus growth was significantly affected by culture setup (ANOVA, F = 19.28, p = 0.002), but not by trochus density (F = 2.37, p = 0.162). No interactive effect between the two factors was detected (F = 2.14, p = 0.181).
The survival of acroporid spat in the two trochus densities and the control is similar in cages held at the in situ nursery for 36 days (approximately 16% to 18%, Figure 2a) . At the hatchery, significantly higher spat survivorship was recorded in the two per cage treatment compared to the control (Figure 2a, F Sizes of surviving coral spat after the experimental culture ( Figure 2b ) did not differ significantly among trochus (F = 0.13, p = 0.878) and between culture (F = 0.002, p = 0.968) treatments.
Turf/filamentous algae comprised 45% to 90% of the substrate cover or 88% to 100% of the total benthic live cover in experimental rubble pieces in the different treatments (Figure 3 ). Both trochus (F = 11.19, p = 0.002) and culture (F = 9.96, p = 0.008) treatments, but not their interaction (F = 0.49, p = 0.626), significantly affected turf algal cover in the rubble. Generally, higher turf algal cover was recorded in the rubble pieces deployed in the in situ nursery than in the hatchery (Tukey's test, p < 0.05, Figure 2c ). In both culture setups, turf algal covers in rubble pieces maintained in the two per cage trochus treatment were significantly lower than those in the one per cage trochus treatment and in the control (p < 0.05, Figure 2c ). Cover for minor benthic components did not differ significantly among trochus treatments in the in situ nursery (Kruskal-Wallis test; sponge: H = 1.80, p = 0.407; foliose algae: H = 2.29, p = 0.318; corticated algae: H = 0.62, p = 0.733) and at the hatchery (sponge: H = 0.00, p = 1.000; foliose algae: H = 0.60, p = 0.741; corticated algae: H = 2.40, p = 0.301).
Discussion
Herbivorous macroinvertebrates are significant grazers in some reef habitats (Klumpp and Pulfrich 1989) . The enhancement of grazing gastropod (trochus) populations has the potential of enhancing the recovery of degraded reef areas through algal grazing and subsequent increase in coral recruitment rate, though technical hurdles in this restoration approach, e.g., predation on restocked individuals, have yet to be addressed (Villanueva et al. 2010) . In trochus stock enhancement experiments which were not specifically for coral reef restoration, low survival rates were also recorded and improved approaches in restocking have been suggested (Crowe et al. 2002; Purcell and Cheng 2010) . Rapid recruitment of corals on concrete structures to culture trochus has been documented and hypothesized to be due to the grazing effect of trochus creating suitable substrate for coral recruitment (Omori et al. 2006) . In conditions where predators are excluded, e.g., in cages, trochus can be utilized to reduce algal biomass and enhance survivorship and growth of organisms cocultured with trochus. This has been previously demonstrated in caged giant clam-trochus co-culture for the production of the former to restock coral reefs with depleted populations (Clarke et al. 2003) . In the present study, trochus under caged conditions produced a change in benthic composition in substrates containing coral spat primarily due to decrease in the turf/filamentous algal cover and subsequent increase in the barren cover. However, this effect is only apparent at the two per cage trochus treatment. Interestingly, the effect cascades to enhancement of coral spat survivorship in the hatchery culture. This result lends support to the earlier account on the success of mass culture of Acropora corals from spat, with trochus for algal control (Omori 2005) . Turf algae have been established to be detrimental to spat survivorship (reviewed in Birrell et al. 2008) .
Though the algal diet preference of T. niloticus is not within the scope of this study, it is worthy to mention that in the congeneric Trochus maculatus, filamentous/ turf-forming algae is preferred over corticated and foliose algae . This previous observation is consistent with the findings of the present study as the cover of turf, but not corticated and foliose, algae was significantly lower in rubble pieces exposed to trochus (at two per cage density) than that in the control. In both culture systems (hatchery and in situ nursery), turf algae covered most of the rubble substrate in the control cages. Considering the type of macroalgae expected to foul a particular culture system and incorporating the dietary habit and consumption rate of grazers , the effectiveness of biological control of fouling macroalgae in mariculture can be considerably enhanced. Furthermore, it has been suggested that the dietary habit of grazers would have shaped the fouling assemblage in mariculture . In the present study, the decrease in turf algal cover due to trochus grazing corresponded to an increase in the cover of barren surfaces but not in the cover of other (non-turf ) algal forms. The unavailability of propagules or suboptimal growth of the other algal forms in the culture systems during the experimental period can possibly provide explanation to this observation. Trochus addition in cages at one trochus per cage did not produce any effect on turf algal cover and spat survivorship, indicating below threshold grazer density for algal cover control. A similar effect was observed in the culture of giant clams with trochus, where a trochus density of five per cage (0.36 m 2 with 18-mm mesh, equivalent to 14 m −2 ) did not produce enhancement in clam survivorship and growth, while a higher density (ten per cage, equivalent to 28 m −2 ) did produce such effect (Clarke et al. 2003) . A threshold grazer density should, then, be determined when incorporating trochus in caged culture of other reef organisms. This threshold trochus density may be dependent to the nature/type of co-cultured organism and to the culture setup or site. Some organisms may be more sensitive to algal effects and therefore require a higher grazer density. Since there was no observed effect of trochus treatment on spat survivorship in the in situ nursery culture (where environmental parameters were found to be different to that in the hatchery), even at two per cage trochus density, the efficiency of trochus to enhance the survival of coral spat in caged culture is then variable in different culture conditions. For hatchery conditions, the recommended density of trochus to effectively control turf/filamentous algae and thereby enhance spat survivorship is at least eight sub-adult individuals per square meter of cage surface area.
There was a higher spat survivorship for the control in the in situ nursery than in the nursery, indicative of more conducive culture conditions (higher water motion and light intensity, despite higher sedimentation rate) in the former than in the latter. Since there is absence of trochus effect on spat survival in the former and presence of effect in the latter, at least one of these conditions could be counteracting the expected positive effect of trochus at the former culture setup. Trochus addition, at two per cage, resulted to lower turf cover ( Figure 2c ). As turf algae have been shown to trap sediments (Purcell 2000) , a lower sediment load is likely at this trochus treatment level. However, sediment negatively affects coral spat survivorship (e.g., Sato 1985) . Further studies should be done to elucidate the mechanism underlying the absence of trochus effect on spat survival despite lowered turf algal cover at the in situ nursery.
Trochus did not eat nor scrape coral polyps (Omori et al. 2007) . Although the foot and mouth of trochus are made up of soft tissues, scraping or dislodgement can possibly occur when spat is not yet extensively calcified, i.e., during the first few days post-settlement. This was shown in 3-day Acropora digitifera and 5-day Acropora tenuis spat where significant scraping was observed when co-cultured with trochus (approximately 10-mm mean basal diameter) at 520 m −2 (Tamura 2008) . In A. millepora recruit, the corallum is fully developed (from basal plate to coenosteum and septa) at 7 days postsettlement (Babcock et al. 2003) . The spat of A. valida in this study were approximately 2 weeks old at the start of co-culture with trochus. In pocilloporid corals, trochus can be offered earlier to spat culture as skeletogenesis in the primary polyp has been found to be almost complete at 3 days post-settlement (Baird and Babcock 2000) . Considering the variability in the duration of the completion of primary polyp skeletogenesis among coral species, future studies should determine the timing of introduction of trochus to spat culture such that dislodgement or accidental grazing can be limited.
Conclusions
The introduction of grazers has been proven to be effective in controlling fouling macroalgae in the culture of coral spat ; this study). Aside from being effective, such biological control measure is environmentfriendly, contrasting to the use of antifouling chemicals (such as copper-containing paints) that had been earlier suggested in the culture of small coral nubbins (Shafir et al. 2009 ). Aside from these, the use of trochus can be less costly and less time-consuming as compared to maintenance procedures to manually remove fouling algae in culture systems. Hence, trochus co-culture can be of use in the production of large numbers of sexually derived corals to meet the demand for large-scale reef restoration through enhancement of coral populations.
